versy regarding the indications for imaging of the central nervous system in patients being evaluated for presumed adolescent idiopathic scoliosis.
For the last twelve years at our institution, the pediatric orthopaedic attending staff has agreed on common indications for magnetic resonance imaging of patients with presumed adolescent idiopathic scoliosis. This protocol was the result of explicit verbal discussion and agreement based on review of the literature and personal experience. These indications can be organized into three categories: pain, as determined by the clinical history; abnormal neurological findings, as determined by the physical examination; and atypical curve patterns, as determined radiographically (Table I ). The goal of the current study was to establish which of these indicators best predicts the finding of clinically relevant abnormality of the central nervous system in patients with presumed adolescent idiopathic scoliosis.
Materials and Methods
he study was approved by our institution's medical executive research review committee. The medical records of all children referred to our institution for evaluation of idiopathic scoliosis between January 1991 and June 2001 were reviewed. Children ten years of age or less at the time of our initial evaluation (those with juvenile idiopathic scoliosis), those with failure of formation or segmentation of the spine on plain radiographs (congenital scoliosis), those with magnetic resonance imaging prior to referral or prior brain or spine surgery, and those with associated conditions or syndromes were excluded from further evaluation. Of the initial 1853 children referred to our institution during this period, 1280 met the criteria for inclusion into the study.
Each patient was evaluated by a team consisting of an orthopaedic resident and one of five pediatric orthopaedic attending staff. The medical records of all patients for whom magnetic resonance imaging had been ordered were reviewed to determine the child's age at presentation, gender, age at the time of the magnetic resonance imaging, age at menarche, menarchal status at the time of imaging, indications for additional imaging of the spine, results of the magnetic resonance imaging, and any additional orthopaedic or neurosurgical treatment following the imaging.
Plain radiographs of the spine made within one year before (as available) and immediately prior to the magnetic resonance imaging were analyzed. All plain radiographs of the spine were made at our institution with use of the same protocol. Anteroposterior and lateral radiographs were made with the patient standing, from a distance of 183 cm in each plane, with the radiographic beam centered on the tenth thoracic vertebra. For the lateral radiograph, the subject was instructed to cross his or her arms over his or her chest. Graduated filters were used to improve imaging of the cervical and thoracic levels. The radiograph measured 36 by 91 cm, and the image had to include the first cervical vertebra superiorly and the hip joints inferiorly to be accepted by the technician for use in the clinic. Curve magnitudes in the coronal plane were measured with the Cobb method, with use of the same goniometer and marking pencil 19 . Coronal plane curve patterns were classified as thoracic, thoracolumbar, lumbar, or double curves on the basis of the location of the apices and the magnitudes of the curves 20 . Clinical analysis of the radiographs of the spine during the study period, particularly for curve progression, thoracic alignment in the sagittal plane, and vertebral rotation, was frequently qualitative. Quantitative analysis of two of these parameters on the radiographs of the spine was performed at the time of the review in an effort to clarify the clinical decisionmaking process. Curve progression in the coronal plane was described as the number of degrees per month, determined from two radiographs, over at least a five-month period prior to the magnetic resonance imaging. Rapid curve progression was defined as ≥1° per month. This value was selected following discussion with four pediatric orthopaedic spine surgeons. Although this value has been utilized in clinical training and practice, it has never been objectively documented in the literature, to our knowledge. Sagittal plane alignment of the thoracic spine was also determined with the Cobb method, with measurement from T1 to T12. Normal sagittal plane alignment of the thoracic spine was considered to be between 20°a nd 50° of kyphosis [21] [22] [23] . We did not attempt to quantify vertebral rotation because of the poor consensus regarding the optimal measurement technique among the attending staff physicians. In most cases, during the time-period reviewed in the study, vertebral rotation was assessed qualitatively by comparing the contours of the pedicles and the location of the spinous processes between vertebral levels. T Results agnetic resonance imaging was ordered for 274 (21%) of the 1280 patients who were evaluated for presumed adolescent idiopathic scoliosis. Abnormal findings were observed in twenty-seven (10%) of the 274 patients who underwent imaging, or 2% of the entire cohort. There were thirteen cases of hydrosyringomyelia, ten cases of Arnold-Chiari malformation (two of those ten patients also had hydrosyringomyelia), four cases of tethered spinal cord, one tumor, and one case of diastematomyelia. Twenty-six of the twenty-seven patients with an abnormal finding on magnetic resonance imaging were referred to a neurosurgeon for evaluation. The one patient who was not evaluated by a neurosurgeon was a sixteen-year-old girl who had undergone the magnetic resonance imaging of the central nervous system because of an atypical curve pattern and symmetric bilateral clonus at the ankle. The magnetic resonance imaging was performed on the day before a posterior spinal fusion was done from T3 to L3 to correct a 66° right thoracic curve. The magnetic resonance imaging revealed a small hydrosyringomyelia at the C5 level, and the orthopaedic surgeon elected to proceed with the scheduled surgery because the lesion was small and located outside of the proposed fusion levels. After 2.5 years of follow-up, the thoracic curve was stable at 25°, and the clinical history and findings on physical examination remained unchanged relative to the preoperative status. Because there was no change in any of these parameters, the patient was not referred to a neurosurgeon.
Surgical treatment of the abnormality of the central nervous system was performed in thirteen (48%) of the twenty-seven patients. A shunt was placed in two patients with hydrosyringomyelia. Decompression of the foramen magnum was performed in six patients with Arnold-Chiari malformation. All four cases of tethered spinal cord were released. The single case of diastematomyelia was treated with resection of the osseous segment. Subsequent surgical treatment of the scoliosis with spinal arthrodesis was performed in 156 (57%) of the 274 children referred for magnetic resonance imaging and in twenty (74%) of the twenty-seven patients with an abnormal finding on the magnetic resonance imaging. In no patient was neurological injury associated with the spinal arthrodesis.
The patients with abnormal findings on magnetic resonance imaging and those with normal findings were comparable with respect to age at presentation, gender, age at the magnetic resonance imaging, age at menarche, menarchal status at the time of the magnetic resonance imaging, curve pattern in the coronal plane, magnitude and direction of the upper curve, and magnitude and direction of the lower curve (see Appendix). Twenty-eight patients were referred for magnetic resonance imaging because of rapid curve progression. Radiographs were available for quantification of the curve progression in twenty of those patients, whereas, for the remaining eight, the radiographs made prior to referral to our institution that were used to make the determination of rapid progression either were not available for review or were not made in a standardized manner. The mean curve progression was 26°M (range, 4° to 46°) and occurred at a mean rate of 2.1° per month (range, 0.4° to 8.7° per month), over a mean of 10.7 months (range, five to twenty-nine months). Nineteen of the twenty patients showed curve progression of ≥1° per month. Thirtynine patients were referred for magnetic resonance imaging because of the absence of apical segment lordosis of the thoracic spine (i.e., the presence of normal thoracic kyphosis or hyperkyphosis) on the lateral plain radiograph. The mean thoracic kyphosis in these patients was 45° (range, 20° to 71°). Fourteen of the thirty-nine patients showed hyperkyphosis (thoracic kyphosis of >50°). Pain (i.e., a clinical history of back, neck, or radicular pain or headache) was an indicator for magnetic resonance imaging for eighty-three patients. A neurological abnormality on the physical examination, such as clonus, abnormal reflexes, muscle weakness, or cavus foot deformity, was an indicator for magnetic resonance imaging for 181 patients. An atypical curve pattern was an indicator for magnetic resonance imaging for 135 patients. The number of patients referred for magnetic resonance imaging, and the number of studies that were abnormal, for each specific pain, neurological, or atypical curve measurement are presented in Table II The values of the indicators when considered as separate categories (pain, neurological, and atypical curve) and with the categories combined (for patients with one or more indicators in more than one category) are presented in Table III . One hundred and fifty-eight (58%) of the 274 patients were referred for magnetic resonance imaging because of a single category of indicators. Of the fifty-eight patients for whom an atypical curve pattern was the only indicator, six (10%) had abnormal findings on magnetic resonance imaging. Of the eighty patients for whom a neurological abnormality was the only indicator, five (6%) had abnormal findings on magnetic resonance imaging. Finally, none of the twenty patients for whom pain was the only indicator had abnormal findings on magnetic resonance imaging. Within each of the three categories of indicators, the yield of abnormal findings on magnetic resonance imaging was not significantly better, with the numbers available, for the patients with one indicator than it was for those with more than one indicator. Indicators from more than one category were present in 115 (42%) of the 274 patients referred for magnetic resonance imaging. The optimal diagnostic yield was obtained when both an atypical curve pattern and neurological indica- Discussion e are aware of only three studies in the literature in which the results of magnetic resonance imaging were evaluated in a prospective, consecutive case series of patients with presumed adolescent idiopathic scoliosis who were ten years of age or older, had normal findings on physical examination, and had "typical" findings on coronal plane radiographs of the spine 8, 9, 12 . Those studies established the prevalence of abnormalities of the central nervous system (primarily hydrosyringomyelia and Arnold-Chiari malformations) in presumed adolescent idiopathic scoliosis to be between 2% (seven of 327 patients) 8 and 4% (two of forty-five patients) 9 . The larger the cohort studied, the lower the prevalence of central nervous system abnormalities appreciated on routine screening of patients with presumed adolescent idiopathic scoliosis 8, 9, 12 . In two of the studies, the abnormalities of the central nervous system were thought to be subclinical, and standard surgical stabilization of the scoliosis with posterior arthrodesis was performed without complication 8, 12 . In all of these studies, the investigators concluded that routine screening with magnetic resonance imaging of individuals with presumed adolescent idiopathic scoliosis is not warranted. Other studies have documented the results in retrospective, nonconsecutive case series of children with presumed adolescent idiopathic scoliosis who, as a result of abnormalities identified on the basis of the clinical history, physical examination, or plain radiographs of the spine, had magnetic resonance imaging, which revealed a central nervous system abnormality 7, [13] [14] [15] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The value of the clinical and radiographic indicators identified in those studies is suggested but cannot be established because of the retrospective, nonconsecutive nature of the investigations, which does not allow the prevalence of the central nervous system abnormalities in children with presumed adolescent idiopathic scoliosis to be determined. Furthermore, we are not aware of any study in which the prognostic relevance of the presence of more than one indicator, within either one or more categories, was considered.
Decision analysis, a form of probability theory, provides a framework in which to determine the optimal use of a diagnostic test by considering its diagnostic power and the utility value assigned to the possible outcomes of treatment 35, 36 . Fig. 1-B) shows the typical sagittal profile for true adolescent idiopathic scoliosis (i.e., thoracic apical segment lordosis and overall thoracic kyphosis of <20° or lordosis), with thoracic lordosis measuring −10° according to the Cobb method. This patient had no pain and had no abnormalities on physical examination. The curve pattern was determined to be typical, and magnetic resonance imaging of the central nervous system
was not indicated in the current study. Fig. 1 -B
In the current study, the prevalence of abnormality of the central nervous system was approximately 10% in patients with presumed adolescent idiopathic scoliosis who presented with subtle abnormalities as identified on the basis of the clinical history, physical examination, or radiographic examination. The presumed prevalence of abnormalities of the central nervous system for the entire cohort was 2%, which is similar to that reported in smaller magnetic resonance imaging screening series, suggesting that few cases were missed by our selective screening protocol.
The most valuable single indicator of abnormality of the central nervous system as determined with magnetic resonance imaging in the study group was absence of thoracic apical segment lordosis on the lateral plain radiograph of the spine. Thoracic apical segment lordosis (sagittal plane alignment of the thoracic segment of the spine involved in the primary curve) has been identified as a central feature of the pathophysiology and pathomechanics of the progressive deformity associated with adolescent idiopathic scoliosis [37] [38] [39] [40] [41] [42] [43] ( Figs. 1-A and 1-B) . In the majority of reports addressing the Fig. 2-A) shows a right thoracic curve that measures 44° according to the Cobb method. The lateral radiograph (Fig. 2-B) shows the absence of the expected sagittal profile for adolescent idiopathic scoliosis (i.e., absence of thoracic apical segment lordosis, and overall thoracic kyphosis of >20°), with the thoracic kyphosis measuring 40° according to the Cobb method. The curve pattern was judged to be atypical on the basis of the abnormal sagittal thoracic profile, which was an indicator for magnetic resonance imaging of the central nervous system in the current study. The physical examination revealed clonus at the left ankle, which was also an indicator for magnetic resonance imaging of the central nervous system. The transverse section magnetic resonance image (Fig. 2-C ) through the T5 vertebral body level revealed a hydrosyringomyelia, with the lesion appearing as a dark hole within the substance of the spinal cord (arrow). The patient was referred to a neurosurgeon, who judged the lesion to be too small to warrant surgical decompression and drainage. Subsequent orthopaedic management consisted of posterior spinal fusion from T4 to L2, with use of a titanium rod system to facilitate possible future imaging of the spinal canal. The curve magnitude at the time of surgery was 58°, and the surgery was performed without complication. The patient has remained asymptomatic, and the curve magnitude at the time of the most recent follow-up, two years after the spinal arthrodesis, was 32°. Fig. 2-B relationship between adolescent idiopathic scoliosis and abnormalities of the central nervous system, analysis of spinal curve patterns has been restricted to the coronal plane 7, 8, [10] [11] [12] [13] 31 . The few investigators who have analyzed the relationship between sagittal plane alignment in children with scoliosis and central nervous system abnormalities have consistently found an absence of thoracic apical segment lordosis 9, 14, 25, 27, 30, 33, 44, 45 . Appreciation of thoracic apical segment lordosis may be difficult because of a failure to image the spinal deformity in the true sagittal plane. The alignment of the spinal segment in the sagittal plane may also be obscured by the overlap of the thoracic cage, which may lead to the appearance of kyphosis. Although the determination of the absence of thoracic apical segment lordosis (i.e., the presence of normal thoracic sagittal kyphosis or hyperkyphosis) as an indicator for additional imaging was qualitative in the current study, all of the cases referred for magnetic resonance imaging on the basis of this indicator had sagittal thoracic alignment in at least 20° of kyphosis (Figs. 2-A, 2 -B, and 2-C). Although failure to image the spinal deformity in the true sagittal plane may confound the accuracy of radiographic measurements, the current study suggests that patients with presumed adolescent idiopathic scoliosis may have a lesion of the central nervous system when the sagittal thoracic alignment is in ≥20° of kyphosis. The absence of thoracic apical segment lordosis is a radiographic indicator of an atypical curve pattern in patients with presumed adolescent idiopathic scoliosis. Careful analysis of sagittal plane alignment in children with presumed adolescent idiopathic scoliosis is essential. An inability to visualize the alignment because of poor radiographic technique should not be accepted.
The current study also showed that the presence of more than one indicator within the same category (clinical history of pain, neurological findings on physical examination, or an abnormal curve pattern on radiographic examination) did not increase the diagnostic yield with regard to abnormal finding on magnetic resonance imaging of the central nervous system. Pain as the only indicator had the worst diagnostic yield, with no cases of central nervous system abnormality appreciated on magnetic resonance imaging. The current study supports previous recommendations in the literature that generalized back pain in children with presumed adolescent idiopathic scoliosis and no other findings on the physical examination or plain radiographic imaging of the spine not be considered an indication for additional evaluation with advanced imaging 46 . The optimal diagnostic yield in the current study was achieved when one or more indicators in more than one category were present. The combination of a neurological abnormality appreciated on clinical examination and an atypical curve pattern on plain radiographs of the spine was particularly valuable, resulting in the identification of abnormality of the central nervous system in 25% (thirteen) of fifty-three patients.
Appropriate orthopaedic and neurosurgical management of children with presumed adolescent idiopathic scoliosis and an abnormality of the central nervous system appreciated on magnetic resonance imaging is controversial. The mechanism by which hydrosyringomyelia or Arnold-Chiari malformation may cause scoliosis has not been determined. Possible causes include mechanical injury to the lower motor neurons by the expanding cavitary lesion characteristic of hydrosyringomyelia, resulting in paravertebral muscle imbalance and spinal deformity 16, [47] [48] [49] . Lesions of the brainstem may disrupt balance function, leading to spinal deformity 50 . Treatment of hydrosyringomyelia and/or Arnold-Chiari malformation associated with scoliosis is also controversial. In patients with more obvious or severe cases, shunting or decompression of the central nervous system lesion has been reported to lead to improvement or stabilization of the spinal deformity 1, 17, 34, [51] [52] [53] [54] [55] [56] [57] [58] [59] . Injury to the spinal cord following standard spinal arthrodesis for scoliosis associated with hydrosyringomyelia has been reported 14, 48, 60, 61 . The single study, of which we are aware, in which radiographic outcomes were evaluated following spinal arthrodesis for scoliosis associated with hydrosyringomyelia demonstrated progression of >10° within and/or outside the fusion levels in either the coronal or the sagittal plane in all ten patients after a mean duration of follow-up of forty-six months (range, twenty-seven to sixty-three months) 14 . The abnormal finding on the magnetic resonance imaging study resulted in a change in clinical managementi.e., neurosurgical treatment of the central nervous systemin 48% (thirteen) of our twentyseven patients with a lesion of the central nervous system. Aspects of the orthopaedic management of the spinal deformity (e.g., the desired magnitude of curve correction, implant selection, and selection of fusion levels) in children with presumed adolescent idiopathic scoliosis who have an abnormality of the central nervous system noted on magnetic resonance imaging should be influenced by a knowledge of the risk of neurological injury, the risk of curve progression following standard posterior arthrodesis, and the need for future imaging of the central nervous system. Clinical decision-making may be guided by statistical analyses of the disease characteristics within the population being treated. The current study establishes the prevalence of abnormalities of the central nervous system in patients with presumed adolescent idiopathic scoliosis who had only subtle findings identified on the basis of the clinical history, physical examination, and radiographic examination of the spine. The diagnostic yield of the specific clinical indicators, considered individually and in combination, was also determined. The informational content of magnetic resonance imaging of the central nervous system is well established in the literature 24, 28, 57 . The locations of the lesions found in the current study suggest that, when magnetic resonance imaging is selected for patients with presumed adolescent idiopathic scoliosis, it should be performed from the level of the brainstem to the sacrum. Although the prevalence of such abnormalities is low, the current study also suggests that the clinical management will be altered for almost 50% of subjects with presumed adolescent idiopathic scoliosis who have an abnormality of the central nervous system noted on magnetic resonance imaging.
